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REB/CHANNEL  TRACKING  EXPERIMENTS  IN 
LOW  PRESSURE  AMMONIA 

1  INTRODUCTION 

Particle  beams  propagating  through  gaseous  atmospheres  lose  both  energy 
and  particles  because  of  scattering  on  the  gas  molecules.  This  process  limits 
the  ultimate  range  of  particle  beams  and  the  power  density  achieved  at  any 
Intermediate  range.  To  extend  the  range  of  electron  beams  In  the  atmosphere 
the  process  of  "hole  boring"  was  conceived.^  Meanwhtle,  to  both  guide  light 
Ion  beams  to  their  targets  In  Inertial  Confinement  Fusion  (ICF)  reactors  and 
to  Increase  the  power  density  on  target,  reduced  density,  current-carrying 
channels  produced  by  laser  guided  electric  discharges  have  been  suggested.^ 

In  both  of  these  concepts  the  particle  beam  propagates  In  a  reduced  density 
channel  through  the  gaseous  atmosphere  so  reducing  losses  due  to  scattering. 

In  a  previous  experiment^  we  have  demonstrated  that  an  Intense 
relativistic  electron  beam  (REB)  Is  guided  along  a  current-carrying,  reduced 
density  channel  through  the  atmosphere  provided  the  auxiliary  current  In  the 
channel  Is  parallel  to  the  REB  current  (Ig).  Then  the  channel  conductivity  1s 
large,  the  plasma  return  current  Is  always  equal  and  opposite  to  the  beam 
current  and  moves  with  the  beam  current  so  that  there  Is  no  net  force  on  the 
beam.  However  the  REB  Is  steered  along  the  channel  and  held  together  by  the 
magnetic  field  of  the  auxiliary  current. 

At  high  ambient  pressures,  I.e.,  near  atmospheric  pressure,  and  for 

•  12 

modest  REB  characteristics,  I.e.,  Ig  <  10  A/s  ,  the  conductivity  In  the 
reduced  density  channel  Is  governed  by  the  Inherent  conductivity  of  the  hot 
channel  combined  with  the  colllslonal  Ionization  produced  by  the  beam 
electrons  themselves.  However  at  lower  ambient  pressures  or  larger  values  of 
Ig  ,  avalanche  Ionization  can  contribute  significantly  to  the  channel 
conductivity.  In  this  manuscript  we  describe  an  experiment  In  which  an 
Intense  REB  has  been  allowed  to  propagate  In  an  atomsphere  of  ammonia  at  low 
pressure.^  Ammonia  was  chosen  for  these  experiments  because  of  Its  ability  to 
absorb  the  energy  from  a  pulsed  CO2  laser  which  permitted  the  formation  of 
reduced  density  channels  In  an  otherwise  uniform  atmosphere  of  ammonia. At 
the  background  pressure  of  “  40  Torr  (gas  density  ng  ^  1.3  x  10^®  cm"^)  and 
with  suitable  experiment  geometry  (See  Results  and  Discussion),  avalanche 
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Ionization  became  a  major  factor  In  the  generation  of  plasma  conductivity.  We 
found  that  the  enhanced  conductivity  significantly  Influenced  REB  propagation. 

II  APPARATUS 

a)  The  Test  Chamber 

These  propagation  experiments  Mere  performed  In  a  large  test  chamber  made 
of  fiberglass.  The  chamber  Mas  cylindrical:  1.5  m  long  and  0.6  m  in  diameter 
(figure  1.).  The  chamber  could  be  lined  Mith  brass  screen  to  change  from  the 
Initial  nonconducting  Mall  boundary  conditions  to  conducting  Mall  boundary 
conditions.  One  end  flange  of  the  chamber  was  aluminum  and  Mas  electrically 
connected  through  the  drift  tube  to  the  Pulserad  310*  electron  beam 
generator.  The  REB  entered  the  test  chamber  through  a  thin  titanium  foil 
(  '  0.038  mm)  at  the  center  of  the  aluminum  end  flange.  There  Mere  three 
lucite  MindOMS  In  this  flange  to  permit  an  xray  pinhole  camera  and  tMO  xray 
PIN  diodes  to  vIeM  the  Interior  of  the  chamber.  There  Mere  also,  MindoMs  1n 
the  cylindrical  body  of  the  fiberglass  chamber  and  In  the  fiberglass  flange  at 
the  opposite  end  of  the  chamber  to  accomodate  other  diagnostics. 

The  CO2  laser  beam  entered  the  test  chamber  through  a  salt  (NaCl )  MindOM 
on  the  end  of  a  2.5  m  long  extension  tube.  This  extension  tube  connected  to 
the  test  chamber  through  a  fast  acting,  pneumatically  operated,  gate  valve  and 
Mas  filled  Mith  dry  nitrogen  at  the  same  pressure  as  the  ammonia  In  the  test 
chamber.  The  gate  valve  Mas  opened  a  feM  seconds  before  the  firing  of  the  CO2 
laser.  This  arrangement  Mas  necessary  to  keep  the  pOMer  density  of  the  CO2 
laser  pulse,  as  it  came  to  focus,  beloM  the  damage  limits  of  the  salt  MindoM. 

b)  The  REB  Generator 

The  relativistic  electron  beam  (REB)  Mas  produced  by  a  modified  Pulserad 
310  accelerator,  consisting  of  a  10  stage  o1 1 -Insulated  Marx  generator  driving 
a  40  ohm  oil  dielectric  Blumlein  pulse  forming  line  Mhich  Mas  terminated  Mith 
a  cold-cathode  field  emission  diode  (figure  2.).  Each  stage  of  the  Marx 
generator  contained  one  0.1  uF  at  100  kV  capacitor  for  a  total  stored  Marx 
energy  of  5.0  kj.  PoMer  Mas  SMitched  to  the  Blumlein  pulse  forming  line 
through  a  self-break  oil  SMitch  and  under  ideal  conditions,  the  shot-to-shot 
jitter  from  trIgger-to-Marx  to  beam  firing  could  be  less  than  ±  20  ns.  The 
diode  assembly  Mas  a  1.2  cm  radius  annular  carbon  cathode  (0.63  cm  annular 
Midth)  separated  by  1.6  cm  from  a  0.038  mm  thick  titanium  foil  anode. 
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Typically  the  electron  beam  characteristics  inside  the  diode  were  V  =  1.1 
MV.  I  *  24  kA,  with  a  pulse  width  of  26  ns  FWHM.  As  the  anode  foil  usually 
ruptured  after  each  shot,  an  appropriate  foil  holder  was  fabricated  to  allow 
rapid  replacement  of  the  anode.  Using  several  such  holders,  the  time  between 
shots  was  limited  only  to  that  necessary  to  evacuate  the  diode  to  a  base 
pressure  of  less  than  10"^  Torr.  typically  20  minutes.  The  accelerator  could 
be  fired  15-20  times  before  a  complete  cleaning  of  the  diode  internal  surfaces 
and  a  redressing  of  the  cathode  was  necessary. 

The  clear  aperture  of  the  anode  foil  was  10.4  cm  and  the  REB  current 
emerging  through  this  aperture  had  a  peak  current  of  approximately  19  kA.  The 
electron  beam  was  transported  to  the  test  chamber  through  a  0.5  m  long  drift 
tube  containing  a  conical  return  current  conductor  and  filled  with  dry 
nitrogen  at  a  pressure  of  approximately  20  Torr.  At  the  far  end  of  the  drift 
tube  where  it  joined  the  test  chamber  the  return  current  conductor  had 
converged  to  a  diameter  of  2.3  cm  and  ended  in  a  2.5  cm  thick  aluminum  block 
with  a  2.3  cm  diameter  hole  in  it.  The  electron  beam  passing  through  this 
hole  entered  the  test  chamber  through  a  second  titanium  foil.  The  peak 
electron  beam  current  entering  the  test  chamber  was  *•  8  kA  and  it  had  a 
nearly  uniform  current  density  profile  across  the  2.3  cm  aperture.^ 

c)  The  CO2  Laser 

The  pulsed  CO2  laser  used  in  these  experiments  has  been  described 
elsewhere.®  it  is  a  UV  preionized  TEA  laser  consisting  of  an  oscillator  and 
three  amplifiers.  The  oscillator  has  been  converted  to  an  off-axis  confocal 
resonator  geometry  to  eliminate  unwanted  mode  structure  and  the  "crescent" 
shaped  output  beam  was  masked  at  the  output  of  the  oscillator  to  give  a  nearly 
uniform,  circular  laser  output  beam  with  diameter  7.5  cm.  The  pulse  delivered 
to  the  test  chamber  contained  300  J  of  laser  energy.  The  characteristic 
pulse  shape  was  an  initial  spike  of  FWHM  100  ns  and  a  tail  of  duration 
*■  1  us  . 

Ill  EXPERIMENTAL  PROCEDURE 

a)  The  Channel 

To  create  reduced  density  channels  in  the  ammonia  gas  a  10  m  focal 
length,  salt  lens  focused  the  CO2  laser  beam  through  the  circular  aperture  on 


the  salt  Mindow  that  clipped  the  laser  beam  to  a  2  cm  radius  spot  at  the 
entrance  foil  to  the  test  chamber.  The  distance  from  the  lens  to  the  entrance 
foil  was  4.5  m.  The  heated  gas  expanded  to  form  a  simple  channel  of  radius 
'  2.5  cm,  where  the  radial  profile  of  the  channel  was 
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In  some  of  the  earlier  experiments  the  spot  size  at  the  entrance  foil  was 
decreased  to  1  cm  radius,  which  formed  simple  channels  of  ^  1.2  cm  radius. 
Annular  channels,  I.e.,  channels  In  which  the  minimum  density  occurred  off 
axis  and  the  density  on  axis  remained  near  ambient  density,  were  created  by 
placing  a  circular  stop  at  the  center  of  the  large  circular  aperture  on  the 
salt  lens.  The  laser  spot  at  the  entrance  foil  was  dipped  to  a  1  cm  Inner 
radius  and  a  2  cm  outer  radius.  The  annular  channel  that  was  formed  had  a 
density  minimum  at  ^  2.3  cm  radius. 

In  all  the  channel  experiments  the  ammonia  fill  pressure  In  the  test 
chamber  was  kept  constant  at  40  Torr.  The  Intensity  of  the  laser  beam  was 
approximately  constant  and  because  the  effects  of  absorption  and  focusing  were 
nearly  matched,  the  laser  energy  deposited  In  the  ammonia  gas  was  fairly 
uniform  at  -  25  mJ/cm^  along  the  length  of  the  channel.  This  amount  of 
energy  (  >  0.1  eV/molecule  )  while  several  times  the  thermal  energy  (  0.025 

eV/molecule  )  was  negligible  compared  to  the  dissociation  potential  (4.3  eV) 
and  the  Ionization  potential  (10.15  eV)  of  ammonia.^  At  the  same  time  the 
vibrational-translational  relaxation  of  the  excited  ammonia  molecule  Is  very 
fast^,  '  100  ns  at  a  pressure  of  40  Torr.  Thus  we  expected  to  produce 
channels  In  the  ammonia  that  relaxed  to  pressure  equilibrium  on  hydrodynamic 
timescales  after  effectively  Instantaneous  energy  deposition  and  we  did  not 
expect  the  laser  to  generate  any  conductivity  In  the  channels.^®  These 
aspects  of  the  channel  history  were  confirmed  using  double  exposure 
holographic  Interferometry^^  and  an  RF  brldge^^  respectively. 

The  optical  layout  of  the  holographic  system  Is  shown  schematically  In 
figure  3.  It  examined  a  cross  section  of  the  test  chamber  75  cm  downstream  of 
the  entrance  foil.  The  light  source  was  a  Q-swItched  ruby  laser  with  a  pulse 
duration  of  ^  25  ns.  For  the  first  several  microseconds  (  <  3  us  )  after 
deposition  of  the  CO2  laser  energy,  the  density  reduction  In  the  channel  was 


too  small  to  be  measured.  Thereafter  the  simple  channel  was  observed  to  grow 
steadily  reaching  pressure  equilibrium  with  the  surrounding  ambient  gas  in 
approximately  50  us.  The  channel  relaxed  without  becoming  turbulent^^  showing 
still  a  factor  of  two  density  reduction  after  1  ms.  In  both  simple  and 
annular  channels  the  minimum  density  was  approximately  one-quarter  the  ambient 
density.  In  addition,  for  the  annular  channels  the  density  on  axis  first  rose 
to  approximately  twice  ambient  density  at  ^  50  us  ,  then  settled  back  close 
to  ambient  density  by  100  us  .  A  typical  result  for  an  annular  channel  is 
shown  in  figure  4. 

A  schematic  diagram  of  the  RF  bridge  is  shown  in  figure  5.  Operating  at 
a  frequency  of  30  MHz,  and  with  a  transmission  line  length  of  1.0  m,  this 
system  could  detect  a  conductivity  as  low  as  -  10  s~^  in  a  4  cm  diameter 
channel.  The  laser  produced  conductivity  in  the  channel  was  always  too  small 
to  be  detected! 

b)  The  Diagnostics 

Apart  from  the  channel  diagnostics  described  above,  the  diagnostic  suite 
for  studying  REB  propagation  and  REB/channel  interaction  included  a  time 
integrated  xray  pinhole  camera,  two  xray  PIN  diodes,  three  Rogowski  coils,  and 
a  Faraday  cup.  There  was  too  little  visible  emission  when  the  intense  REB 
interacted  with  ammonia  gas  at  40  Torr  to  observe  the  position  of  the  REB  by 
time  integrated  visible  photography.  To  test  the  diagnostic  system  therefore, 
the  chamber  was  sometimes  filled  with  dry  nitrogen  at  low  pressure,  then  the 
position  of  the  REB  was  observed  using  time  integrated  white  light 
photography. 

The  xray  emission  from  the  ammonia  gas  molecules  themselves  was  also  too 
faint  to  observe  so  metal  targets  in  the  form  of  a  tungsten  wire  grid  (0.3  mm 
diameter  wire  on  a  1  cm  spacing)  and  a  brass  sheet  were  placed  in  the  test 
chamber  at  different  distances  (z)  from  the  entrance  foil.  With  the  targets 
at  z  '  0.5  m  the  xray  pinhole  camera  could  see  the  full  diameter  of  the  test 
chamber  with  spatial  resolution  -  1  cm,  and  the  two  xray  PIN  diodes  (Quantrad 
025-PIN-125)  could  each  see  a  circle  of  -  8  cm  diameter.  The  PIN  diodes  were 
collimated  and  shielded  inside  13  cm  cubes  of  lead.  Also  the  diode  inputs 
were  filtered  with  metal  foils  so  that  they  accepted  only  xrays  with  energy 
above  30  keV.  The  PIN  diodes'  time  resolution  was  ^  2  ns  when  biased  at 


200  V  and  they  Mere  sensitive  enough  to  detect  0.5  kA  of  i<EB  In  their  field  of 
vIeM.  The  xray  pinhole  camera  used  Polaroid  film,  a  3M  Trimax  Intensifler 
screen  and  Mas  shielded  from  the  Pulserad  diode  and  the  drift  tube  by  5  cm 
of  lead. 

Rogowski  colls  Mere  used  to  measure  the  net  current  passing  through  an 
aperture.  RogoMSkI  coll  RCl  Mas  12  cm  In  diameter  and  Mas  mounted  at  the 
chamber  entrance  foil.  RC2  and  RC3  Mere  7  cm  In  diameter  and  Mere  mounted  at 
z  >  1  m  on  the  brass  target  plate.  RC2  Mas  coaxial  Mith  the  channel  and  RCI, 
Mhlle  RC3  Mas  offset  15  cm.  RC3  Mas  used  to  detect  large  off-axis  excursions 
of  the  REB.  The  time  resolution  of  the  RogoMskI  colls  Mas  3  ns.  Both  RC2 
and  RC3  Mere  In  the  field  of  vIeM  of  the  xray  pinhole  camera.  When  the  REB 
deviated  enough  to  strike  one  of  them.  Its  lead  foil  shielding  gloMed  brightly 
In  the  xray  photograph.  Such  hits  sometimes  produced  unusual  signals  on  a 
RogoMSkI  coll  or  even  damaged  It. 

An  evacuated  Faraday  cup^^  collected  the  charge  that  passed  through  Its 
titanium  foil  MindoM  (thickness  0.038  mm),  and  measured  the  potential 
difference  generated  Mhen  that  charge  floMed  back  to  the  generator  through  a 
very  Iom  Inductance  coaxial  shunt  resistor  (  *•  0.2  x  10'^  ohm).  The  time 
resolution  of  the  Faraday  cup  Mas  -  1  ns.  Periodically  Me  Installed  the 
Faraday  cup  on  the  Pulserad  diode  or  at  the  entrance  to  the  test  chamber  to 
check  the  reproducibility  of  the  REB. 


IV  RESULTS  and  DISCUSSION 
a)  Plasma  Conductivity 

The  conductivity,  o  ,  of  the  gas  In  the  chamber  Is  a  function  of  the 
electron  density  and  the  gas  density,  a  »  cr(n  /n).  The  groMth  of 
conductivity  Mas  governed  by  the  production  rate  of  electrons  generated  by  the 
passage  of  the  REB  through  the  gas.  Four  contributions  to  the  rate  equation 
Mere  direct  colllslonal  Ionization,  avalanche  Ionization,  dissociative 
attachment  and  associative  recombination. 
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These  four  terms  are  Implicit  and/or  explicit  functions  of  the  gas  density,  n. 


the  electron  density,  ng,  the  electric  field,  E,  and  the  REB  current  density, 
Jg.  The  avalanche  ionization  coefficient,  ot  ,  is  in  particular  a  very  strong 
function  of  the  density  normalized  electric  field,  E/n.  Figure  6  is  a  plot  of 
the  density  normalized  avalanche  coefficient,  o/n  ,  as  a  function  of  E/n  for 
both  air  and  ammonia.^*^’^^  The  avalanche  coefficient  increases  if  either  the 
gas  density  drops,  as  in  a  channel,  or  the  electric  field  increases.  Our  REB, 
when  injected  into  the  lined  test  chamber  with  40  Torr  ammonia  present 
produced  an  initial  normalized  electric  field  of  -  200  Td.  This  same  REB 
injected  into  a  reduced  density  channel  would  develope  a  higher  density 
normalized  electric  field  of  -  800  Td. 

Being  in  the  limit  where  the  rise  time  of  the  REB  was  longer  than  any 
transit  times  for  electromagnetic  waves  within  the  test  system,  the  electric 
field  generated  by  the  REB  was  E  *  L  where  is  the  net  current  and  L  is 
the  inductance  per  unit  length  seen  by  the  REB.  Thus  the  inductance  became  a 
parameter  that  could  alter  the  electric  field.  When  the  test  chamber  was 
lined  with  a  conducting  screen  this  lumped  circuit  inductance  was  estimated  to 
be  that  for  two  concentric  coaxial  cylinders  of  radii  a  =  1.2  cm  and  b  =  30 
cm, 

L  =  i-c  “  -2r  ''"^5  ^  “  -^“o 

The  test  chamber  sat  in  a  metal  walled  room  of  3  x  3  m  cross  section.  When 
the  screen  liner  was  removed  from  the  test  chamber  the  outer  conducting 
boundary  radius,  b,  defaulted  to  that  of  the  metal  experimental  room,  b  '  150 
cm.  The  estimated  lumped  circuit  inductance  for  the  nonconducting  test 
chamber  was 

I-  "  '•nc  =■  =■  -*“0 

Since  >  Lj.  the  density  normalized  electric  field,  E/n,  was  larger  when  the 
conducting  liner  was  removed  from  the  test  chamber. 

The  external  "linobs"  that  were  turned  in  this  experiment  were  the  gas 
density  and  the  boundary  conditions.  Both  these  parameters  worked  through  the 
rate  equaion  to  adjust  the  conductivity  generated  by  the  passage  of  the  REB. 


b)  Plasma  Current 

The  plasma  current  is  the  difference  between  the  net  current  and  the  REB 
current:  Ip(t)  =  lN(t)  -  lB(t).  In  figure  7  we  see  that  the  plasma  current 
was  negative,  i.e.,  it  flowed  back  toward  the  entrance  foil  during  most  of  the 
REB  pulse.  It  was  during  this  time,  when  the  REB  current  and  the  plasma 
current  were  in  opposite  directions,  that  the  instabilities  affecting 
propagation  arose.  In  general,  when  the  returning  plasma  current  was  larger, 
the  net  current  was  smaller  and  the  instabilities  were  stronger  and  more 
destructive.  Since  the  Faraday  cup  intercepted  the  REB  it  was  only  used 
periodically  to  insure  the  reproducibility  of  the  REB.  However,  we  did 
monitor  the  net  current,  and  thus  the  plasma  current,  at  the  entrance  foil 
with  Rogowski  coil  RCl  on  every  shot. 

We  found  we  can  describe  the  behavior  of  the  REB  in  the  test  chamber  in 
terms  of  a  parameter  f*,  where 

‘  ‘  ‘  ■  nsTtlf  Jmax  t  ‘  2°  (5) 

Note  that  the  peaks  of  the  net  current  pulse  and  of  the  typical  REB  current 
pulse  were  not  simultaneous,  but  these  peak  values  were  quickly  obtainable 
from  the  photographic  data.  The  observed  behavior  of  the  REB  for  different 
values  of  f  is  listed  in  Table  1. 
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Behavior 
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0.3 

0.5 

0.7 


REB  goes  straight  -  slight  kinking  visible 
Moderate  hosing  evident 
Violent  hosing  evident 
REB  dispersed 


A  stability  analysis^®  of  a  flat  current  profile  REB  injected  into  a 
collisional  plasma  showed  a  marked  dependence  for  many  transverse  oscillations 
on  the  ratio  of  the  plasma  current  to  the  beam  current.  The  "hose"  mode  was 
absolutely  growing  whenever  the  plasma  current  was  negative  (figure  7.),  but 
many  other  fast  growing  modes  were  triggered  when  the  returning  plasma  current 
reached  50%  of  the  REB  current.  It  is  difficult  to  make  quantitative 
comparisons  of  instability  growth  with  theory  because  theory  is  based  on  small 


amplitude  linear  approximations  whereas  a11  observations  were  of  large 
amplitude  perturbations  of  the  REB.  We  did  find  throughout  this  study  that 
whenever  f*  >  0.5  the  beam  oscillations  became  particularly  violent. 

c)  Propagation  in  Dry  Nitrogen 

To  test  the  diagnostic  suite,  propagation  experiments  were  first 
performed  in  dry  nitrogen  so  that  we  could  have  time  integrated  white  light 
photographs  to  correlate  with  the  other  diagnostics.  When  the  REB  entered  the 
gas  filled  test  chamber  it  expanded  to  a  radius  somewhat  larger  than  the  1.2 
cm  radius  of  the  entrance  aperture  because  it  had  been  heated  by  its  passage 
through  the  entrance  foil(  <  1  x  10  eV  per  foil  ).  At  a  fill  pressure 
of  0.5  Torr  N2  the  REB  propagated  the  length  of  the  test  chamber  with  only 
slight  kinking  evident  (f*  «  0  ).  There  was  little  or  no  dependence  on  the 
boundary  conditions,  i.e.,  on  the  presence  or  absence  of  a  conducting  liner 
inside  the  fiberglass  test  chamber. 

When  the  fill  pressure  was  raised  to  40  Torr  N2  the  boundary  conditions 
strongly  influenced  the  REB  trajectory.  With  the  brass  liner  in  place  the  REB 
exhibited  moderate  hosing  action.  Its  position  deviated  by  <  15  cm  from  the 
chamber  axis  by  the  time  it  had  propagated  to  z  *  1  m.  The  measured  value 
of  f  was  *  0.3.  With  nonconducting  boundary  conditions,  f  rose  to  »  0.5 
and  the  REB  frequently  struck  the  chamber  walls  (r  »  30  cm)  by  z  =  1  m.  The 
increase  in  f*  indicated  an  increased  plasma  current  generated  along  the  REB 
trajectory.  Since  neither  the  gas  density  nor  the  REB  Itself  had  been  altered 
it  appeared  that  the  changed  inductance  had  altered  the  electric  field  and 
with  it  the  plasma  conductivity  through  the  electron  rate  equation. 

d)  Propagation  in  Ammonia  Without  Channels 

The  fill  pressure  for  the  ammonia  studies  was  also  40  Torr.  We  measured 
an  f*  of  <  0.3  with  the  conducting  liner  in  place  (figure  8a.)  and  f*  rose  to 
»  0.5  when  the  liner  was  removed  (figure  8c.).  The  REB  was  moderately 
unstable  at  f*  <  0.3  and  violently  unstable  at  f  =«  0.5.  The  terms  in  the 
rate  equation  have  very  similar  values  for  air  and  ammonia  so  the  similarity 
in  behavior  of  the  REB  and  in  f*  values  was  not  unexpected. 


e)  REB/Channel  Interaction  in  Ammonia 

When  the  REB  with  a  nominal  radius  of  1.2  cm  was  injected  into  a  simple 
channel  of  radius  ^  2.5  cm  with  the  test  chamber  lined  by  the  conducting 
screen  we  measured  only  small  decreases  in  the  net  current  compared  to  the 
case  without  the  channel  (f*  >  0.3)  (figure  8b).  The  REB  was  ejected  from 
the  channel  but  was  not  measurably  more  unstable  than  the  case  without  the 
channel.  However  when  we  decreased  the  radius  of  the  channel  from  >  2.5  cm 
to  1.2  cm,  i.e.,  to  a  radius  more  comparable  to  that  of  the  REB,  the  REB 
was  symmetrically  ejected  from  the  channel  region.  Xray  photographs  of  a 
tungsten  wire  grid  at  z  »  0.2  m  showed  faint  annular  patterns.  The  small 
simple  channel  in  the  lined  test  chamber  had  not  significantly  altered  the  net 
current  but  it  had  more  effectively  constrained  the  plasma  current  to  the 
axis,  which  caused  the  symmetric  ejection  of  the  REB. 

The  effect  of  the  '  2.5  cm  radius  simple  channel  on  the  REB  in  an 
unlined  test  chamber  was  quite  dramatic.  The  measured  f*  jumped  to  f*  »  0.7 
(figure  8d)  and  the  REB  disrupted  so  violently  that  no  trace  of  it  could  be 
detected  on  targets  as  close  as  z  »  0.5  m.  The  combination  of  the  reduced 
density  in  the  channel  and  the  inductive  enhancement  of  the  electric  field 
generated  by  the  REB  altered  the  rate  equation  terms  sufficiently  to  make 
avalanche  ionization  completely  dominant. 

The  results  of  all  tests  with  simple  channels  in  a  40  Torr  ammonia 
background  showed  that  the  REB  was  not  attracted  to  nor  guided  by  the  reduced 

density  channel.  Preferential  ionization  within  the  channel  appeared  to 

concentrate  the  plasma  current  which  then  ejected  the  REB.  Reduced  density 
within  the  channel,  not  the  gas  temperature  there,  was  the  factor  leading  to 
the  preferential  ionization  within  the  channel.  Indeed,  for  very  short  delay 
times  after  the  laser  pulse,  when  the  gas  was  hottest  but  still  at  ambient 
density,  the  "channel"  did  not  noticibly  affect  the  REB. 

The  simple  channel  results  led  us  to  attempt  trapping  the  REB  inside  the 
core  of  an  annular  channel  in  the  unlined  test  chamber.  Computer  model s^^  had 
predicted  that  such  a  geometry  would  be  stabilizing  if  the  return  plasma 
current  could  be  held  outside  the  REB.  The  annular  channel  had  a  density 
minimum  of  25%  ambient  density  at  a  radius  of  ^  2.3  cm  and  ambient  density  on 

axis.  We  varied  the  injection  timing  from  20  us  to  20  ms  after  the  laser 

pulse  and  on  occasion  pushed  the  laser  even  harder  to  make  a  deeper  channel 


but  the  REB  was  always  quickly  ejected  from  the  channel  region  and  then  hosed 
violently  inside  the  test  chamber. 


Subsequently  we  made  a  holographic  study  of  the  region  of  the  channel 
next  to  the  entrance  foil.  In  contrast  to  the  smooth  symmetric  annular 
channels  we  had  seen  at  z  -  .75  m  we  found  that  the  annular  structure  was 
disrupted  near  the  foil.  Our  previous  measurements  of  the  laser  energy 
deposition  in  the  ammonia  gas  indicated  that  about  half  the  available  energy 
would  actually  be  absorbed  by  the  gas.  We  found  that  a  portion  of  the 
remainder  was  being  deposited  in  a  surface  plasma  generated  on  the  entrance 
foil.  A  high  pressure  bubble  formed  and  expanded  outward.  This  did  not 
significantly  alter  the  shape  of  a  simple  channel,  but  the  annular  channel  was 
no  longer  annular.  The  REB  had  to  traverse  this  transition  region  before  it 
could  possibly  enter  the  core  of  the  annulus.  On  the  rare  occasions  that  the 
downstream  Rogowski  coil,  RC2,  gave  a  signal,  it  was  impossible  to  determine 
if  part  of  the  REB  had  tracked  down  the  channel  or  if  the  REB  had  simply 
"hosed"  across  the  coil  from  outside  the  channel. 

The  high  pressure  disturbance  expanded  outward  -  15  cm  in  the  first 
100  ys  .  We  installed  an  aperture  plate  at  the  entrance  foil  with  a  15  cm 
long  by  1.7  cm  inner  diameter  thin-walled  copper  tube  protruding  out  into  the 
core  of  the  annular  channel.  Unfortunately  half  the  REB  was  lost  at  the 
reduced  aperture  and,  as  the  REB  tried  to  expand  in  the  ambient  gas  inside  the 
tube,  more  of  the  REB  was  lost  to  the  tube  walls.  Less  than  1  kA  of  the  REB 
pulse  emerged  from  the  tube  into  the  channel  core.  Such  a  low  current  pulse 
could  not  generate  enough  plasma  current  to  derive  any  benefit  from  the 
annular  channel.  This  low  current  REB  propagated  straight  ahead  whether  or 
not  a  channel  was  present. 

f)  Computer  Model 

The  rate  equation  for  the  production  of  electrons,  Eq.  (2),  was  the 
starting  point  for  the  computer  model.  The  first  term  is  the  colli  si onal 
ionization  rate, 

i  al  ‘1  “  X  10  X  n  X  Jg  (cm"^  sec"^)  ,  (6) 
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where  we  have  substituted 


X  “  26.5  eV  per  ion/electron  pair  for  ammonia  , 
and  3i  “  "  *  ^  10"^^  (eV/cra)  for  ammonia 

The  second  term  includes  the  avalanche  ionization  coefficient, 

a  =  3.29  X  n  X  /IE7nT  x  exp(-2.2  x  10'^^/(E/n))  (sec"^)  .  (7) 

The  third  term  includes  the  attachment  coefficient, 

n  »  8  X  10"^^  (cm^  sec"^)  .  (8) 

The  fourth  term  includes  the  recombination  coefficient, 

8  =«  1  X  10’^  (cm^  sec'^)  .  (9) 

CGS  units  were  used  in  all  these  equations. 

The  rate  equation  was  supplimented  with  equations  from  a  lumped  parameter 
circuit  model  of  the  REB/plasma  interaction, 

I^(t)  .  Ig(t)  +  Ip(t)  ,  (10) 

where  ^  was  the  net  current,  Ig  was  the  REB  current,  and  Ip  was  the  total 
plasma  current  generated  in  both  the  background  gas  and  in  any  channel  that 
was  present.  The  plasma  current  was  negative  during  most  of  the  REB  pulse. 

Ohm's  law  related  the  plasma  current  to  the  electric  field. 

Ip  »  A  a  E  ,  (11) 

where  A  was  the  area  of  the  plasma,  and  E  was  the  electric  field  present, 
which  was  assumed  to  be  uniform  across  the  plasma  in  this  simple  model.  The 
conductivity,  a(ng  /n)  ,  was  calculated  for  both  channel  and  background  gas 
regions.  Faraday's  law  related  the  electric  field  to  the  time  derivative  of 
the  current. 
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where  L  was  the  lumped  curcuit  Inductance  that  was  derived  earlier  appropriate 
to  the  boundary  conditions  of  the  particular  test.  This  last  equation  was 
rewritten  as 


Llj+LA<jEtUASE, 


(E  -  LIj  ) 

"C'AT" 


SO  that  we  had  rate  equations  for  both  the  electron  density  and  the  electric 
field.  Starting  from  an  initial  set  of  conditions  the  equations  were  stepped 
iteratively  in  time  to  predict  each  of  the  quantities  of  interest.  The  REB 
current  was  assumed  to  have  a  uniform  current  density  and  to  be  a  half¬ 
sinusoid  of  35  ns  duration,  which  peaked  at  8  kA.  The  boundary  conditions  had 
a  conducting  wall  placed  at  a  radius  of  30  cm  (liner  installed)  or  at  150  cm 
(liner  removed).  The  background  gas  density  was  that  appropriate  to  the  fill 
pressure  of  40  Torr.  The  channel  gas  density  was  set  to  one-fourth  the  fill 
density  and  the  channel  was  flat  bottomed.  The  REB  radius  and  the  channel 
radius  were  independently  adjustable.  The  channel  radius  could  be  set  to  zero 
to  simulate  the  shots  with  no  channels. 

The  results  of  the  calculation  for  four  combinations  of  experimental 
conditions  are  listed  in  Table  2.  The  combinations  were: 

a)  liner  installed  -  no  channel 

b)  liner  installed  -  simple  channel  present 

c)  liner  removed  -  no  channel 

d)  liner  removed  -  simple  channel  present. 
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The  model  predicted  values  of  f*  very  close  to  those  actually  measured  in  the 
experiment  for  sets  of  parameters  that  closely  matched  the  true  experimental 
conditions.  The  one  exception  was  case  b).  In  case  b)*  the  REB  radius  was 
Inflated  to  6  cm  to  match  the  calculated  f*  value  to  the  measured  f*.  In  the 
model  the  effect  of  Increasing  the  beam  radius  was  to  decrease  both  the 
colllslonal  and  avalanche  Ionization  terms  In  the  rate  equation  for  the 
channel,  thus  lowering  the  overall  conductivity.  In  the  test  chamber  we  found 
In  case  b)  that  the  REB  quickly  wandered  out  of  the  channel,  thereby  reducing 
the  electron  production  rate  In  the  channel.  Our  simple  model  assumed  a 
uniform  REB  current  density  and  no  displacement  between  the  REB  and  the 
channel.  But  note  the  REB  current  density  on  axis  for  a  6  cm  radius  uniform 
beam  Is  the  same  as  that  for  a  Bennett  profile  REB  with  a  radius  of  2  cm  and 
displaced  by  only  1.4  Bennett  radii  off  axis.  We  typically  saw  displacements 
of  the  REB  of  -  10  cm  by  the  time  It  reached  the  target  at  z  =  1  m,  so  the 
artifice  of  Inflating  the  REB  radius  Is  not  so  unreasonable.  A  calculation 
with  the  displaced  REB  would  more  closely  match  the  experimental  conditions 
but  was  beyond  the  scope  of  this  simple  model. 

The  effect  of  changing  the  experimental  conditions  was  to  alter  the 
values  and  relative  Importance  of  the  terms  In  the  rate  equations.  For 
example.  In  case  d),  the  avalanche  Ionization  rate  In  the  channel  was 
Increased  by  approximately  two  orders  of  magnitude  over  case  a)  and  dominated 
the  other  terms  In  the  electron  rate  equation.  The  model  predicted  a  large 
Increase  In  the  channel  conductivity  and  a  very  localized  plasma  return 
current,  exactly  as  observed  In  the  experiment. 


V  CONCLUSION 


We  have  Injected  an  intense  REB  Into  a  test  chamber  filled  with  40  Torr 
ammonia  gas  and  observed  the  effect  of  boundary  conditions  and  reduced  density 
channels  on  the  propagation  of  the  REB.  We  have  also  shown  that  a  simple 
computer  model  of  the  interaction  accurately  forecasts  the  most  important 
macroscopic  parameters  of  the  interaction.  The  passage  of  the  REB  through  the 
gas  generated  conductivity.  The  conductivity  was  governed  by  the  rate 
equation  for  electron  production.  Under  appropriate  conditions,  i.e.,  an 
enhanced  E  field  due  to  a  remote  conducting  boundary  and  the  presence  of  a 
reduced  density  channel,  the  avalanche  ionization  term  became  dominant  and  the 
conductivity  within  the  channel  increased  dramatically.  This  led  to  a  large 
plasma  return  current  (f  »  0.7)  localized  to  the  density  channel  and  the  REB 
was  completely  disrupted.  When  the  experimental  conditions  were  adjusted  so 
the  avalanche  term  was  less  dominant  (f*  >  0.3  to  0.5)  the  REB  was  again 
ejected  from  the  channel  and  was  hose  unstable  but  did  not  break  apart.  At  no 
time  did  the  simple  density  channels  attract  or  guide  the  REB;  their  effect 
was  always  disruptive.  Certain  computer  codes  have  predicted  that  if  a  high 
conductivity  region  could  be  localized  in  an  annular  shape  around  a  coaxially 
Injected  REB  it  would  have  a  stabilizing  effect  on  the  REB.  We  were  not  able 
to  confirm  this  prediction  experimentally. 
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Figure  1.  Schematic  diagram  of  the  test  chamber. 


Fifure  2.  Schematic  diatram  of  the  Puberad  310  R£B  generator. 
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Figure  6.  The  ionization  rate  as  a  function  of  the  electric  field,  both  normalized  to  the  gas  density,  for 
air  and  ammonia  (NH3).  (1  Td  -  1  x  10"’^  V  cm^).  The  rate  for  ammonia  is  based  on  a  formula 
developed  by  R.  Fernsler. 
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b)  Liner  in/with  channel,  c)  Liner  out/no  channel,  d)  Liner  out/with  channel. 
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